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1. INTRODUCTION

A cylinder of explosive with a hollow cavity in one end and a detonator at the opposite end
'is known as a shaped charge. The hollow cavity, which may assume almost any geometric
shape is usually lined with a thin layer of metal. The liner, usually conical, forms a jet when
the explosive charge is detonated. Upon initiation. a spherical wave propagates outward from
the point of initiation. As the detonation wave engulfs the lined cavity, the material is
accelerated under the high detonation pressure, collapsing the cone. The collapse of the
material from a conical liner on the axis of symmetry forces a portion of the liner to flow in the
form of a jet where the jet tip velocity can travel in excess of 10 km/s. Because of the
presence of a velocity gradient, the jet will stretch until it fractures into a column of particles.
This fracture cf the jet into a series of particles is termed jet breakup or particulation.

The penetration of a shaped charge jet into most target materials increases to a maximum
and then decreases as the standoff distance (the distance from the front of the shaped charge
to the target) increases. This penetration peak occurs just prior to the onset of jet breakup.
After particulation, the penetration decreases due to the dispersion, spread, and tumbling of
the jet particles. A bowed jet or a particulated jet with substantial particle dispersion will not
consistently strike the target at the same point. Therefore, the lack of jet straightness reduces
the effective penetrating length of the jet. The straightness of a shaped charge jet can be
quantified by the transverse velocity distribution in the jet.

The penetration process can be modeled with one-dimensional analytical codes or two- or
three-dimensional hydrocodes. The one-dimensional models typically assume a
hydrodynamic process since the pressures exerted at the jet-target interface greatly exceed
the yield strength of the material. The one-dimensional models require jet characteristics
(velocity, break-up time, virtual origin, etc.) derived from free-flight experiments as input.

in a free-flight experiment, the shaped charge jet is, typically, allowed to travel unimpeded
through an air space which is 20 or more charge diameters (CD) in length. During the jet's
transit through the air space, two to four flash radiographic images are obtained at
predetermined time intervals. Flash radiography is necessary since ordinary photographs are
uninformative due to obscurants associated with the detonation. The flash radiographs are




usually timed to allow the jet to particulate prior to the exposure time. Thus, several images
of the particulated jet are captured on the film at known time intervals. The films are
analyzed, and the collected data are reduced to yield the shaped charge jet characteristics.
The data derived from the free flight can be utilized for three main purposes—for correlation
with jet formation models; to predict the penetration as a function of standoff and'target
material; and to identify problems in the shaped charge manufacture and assembly.

Analysis of the flash radiographs of jet free flight is a time-consuming process demanding
extremely high accuracy. In order to reduce analysis time and increase accuracy, a
semiautomated procedure is used. This procedure involves the use of a manual digitizer table-
and a personal computer to convert pertinent film data to binary storage files, providing the
experimentalist with an efficient basis for data reduction. Semiautomated film analysis
procedures have been in use at the U.S. Army Ballistic Research Laboratory (BRL) and other
institutions for quite some time (Blische and Simmons 1981; Segletes 1983, 1987; Fenton and
Butz 1989; Summers, Walters, and Dick 1990). In addition, some researchers have begun to
develop and use automated film analysis systems which use either a film scanner or camera
to digitize the film in conjunction with software which measures the particle or fragment sizes
and positions (Van Bree and Verhagen 1986; Verhagen and Van Bree 1987 and 1989; Lystad
et al. 1989).

The automated procedures show great promise for increasing the measurement accuracy
and for reducing the amount of tedium involved in radiographic analysis. A major obstacle to
fully automated digitization of the jet free flight exists in the quality of the radiograph. Due to
the large number of films involved in a single jet free flight, exposure of the film is not
homogeneous over the entire length of the jet. Thus, the background and the jet particles are
not evenly exposed over the entire film length. Inconsistencies in the background of the
radiograph create a large problem for edge detection, and thus more work is required to fully
avL;omate the process.

Improvements in the speed and memory storage capabilities of minicomputers have
brought about several improvements to the previous methods of semiautomated film analysis
which were in use at the BRL. In the past, one was required to simulate a particle’s shape
using a limited number of points. For example, Blische and Simmons (1981) used six points




to simulate the particle as two truncated cones sharing the same cylindrical base. Fenton and
Butz (1989) used a similar method but allowed only three points per particle. The three points
simulated the particle as two abutted right circular cones. In both cases the accuracy is, to a
large extent, dependent upon the digitizer operator’s discretion in choosing which points best
describe the particle's outline. The method currently in use, and described in this report,
allows the digitizer operator to digitize up to 100 points per particle. Some discretion is still
involved since, in most cases, less than 20 points per particle are digitized. The particle is
plotted on the computer screen as the points are digitized to allow the operator to verify that
an accurate representation of the particie geometry has been captured. Subsequently, all of
the points which are digitized are stored for later analysis. The primary advantage of this
method is that the raw data are available on a computer disk, and any assumptions needed to
estimate a particle’s mass, axis of symmetry, etc., can be modified or refined and recalculated
without having to redigitize the films. As a result, the radiographic analysis is divided into
three steps. First, the image is digitized, and the raw data are stored. Second, the digitized
data are analyzed, and the characteristics of each individual particle are determined. Finally,
the information is tabulated, and the overall jet characteristics are derived.

2. EXPERIMENTAL TECHNIQUES

The shaped charge liner is precisely aligned using both surveying equipment and a laser
alignment device. A Cartesian coordinate system, shown in Figure 1, is defined with origin
placed at the axis of symmetry of the charge and the base of the liner. The positive z-axis
coincides with the intended shotline in the direction of jet travel. The positive y-axis points
vertically upward, and the positive x-axis points toward the film, away from the flash x-ray
sources.

The radiographs are digitized with a digitizer table which was manufactured by the GTCO
Corporation of Rockville, MD. The films irom a test firing are analyzed using a program which
drives the digitizer and performs initiai calculations based on the digitizer input and the test
setup. The program is structured to read data obtained using up to four flash times. The
input required to execute the digitizer program includes the range of particles to be analyzed
for each flash time, the number of films which were used in the test, the magnification factors,
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the fiducial locations on each film, the jet density, and the test setup parameters. Each
particle that appears on the films is numbered starting at the tip of the jet. The images from
an individual test which are produced at each flash time are compared with the images from
other flash times to ensure that the same particle is designated with the same particle number
in each flash. Initial calculations are performed which modify the image dimensions and
location to reflect the magnification factor and to place the image in a known frame of
reference. In addition, each digitized particle image is stored in a data file for further analysis.
Figure 2 shows a portion of an x-ray film and the digitized representation of the jet particle
images.

2.1 Analysis. After the jet particles have been digitized, a program which determines the
characteristics of the individual particles is executed. The first calculation performed is to
obtain the individual particle positions at each flash time. The particle position is defined as
the position of the particle’'s center of mass. The center of mass is determined under the
assumption that the projection of the jet particle into and out of the plane of the film is
symmetric. Integrating over the contour of a particle, one can calculate the x and y moments
of inertia of the particle in the plane of the film. The digitizing process simulates each
particle’s contour discretely so these moments are defined for the areas between each
digitized point and the axis of symmetry of the warhead or shotline (Figure 3). The area
between the particle and the shotline is negated when the sumimation is taken over all of the
areas, leaving only the particle’s cross-sectional area to contribute to the moment and area
calculations. The resultant x and y moments of inertia are divided by the cross-sectional area
to give the x and y coordinates of the center of mass.

The placement of the axis of symmetry of a particle requires user interaction. The
program chooses as a first approximation the line connecting the two points on the contour of
a particle farthest from one another. This line is chosen as a default because most ductile jet
particles tend to neck and eventually break along the jet's axis of symmetry. The user may
choose the default or may choose a new axis which appears to bisect the particle more
evenly. The location of the axis of symmetry is critical because it is used to derive other
particle characteristics such as length, radius, and mass. The length of a particle is given as
both the length along the axis of symmetry and as the distance between the two points on the
boundary which are the farthest apart. The maximum radius is defined as the greatest normal
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distance between any point on the particle boundary and the axis of symmetry. The volume is
calculated assuming that each section between two digitized points and the axis of symmetry
is half of a truncated cone. Figure 4 shows how a section is defined. The particle volume is
the summation of these sectional volumes. The mass is obtained by multiplying particle
volume by the virgin jet density.

The third step in the digitization process is to pool all the above information, tabulate the
data, and calculate axial and transverse velocities, jet breakup times, the virtual origin, the
formation time, cumulative values of jet length, mass, momentum, and kinetic energy, and the
average particle characteristics. The transverse velocity of a particle is defined as the velocity
of the particle in a direction perpendicular to the axis of symmetry of the shaped charge liner.
The jet breakup times, the virtual origin, and the formation time are idealized values which are
used as inputs for analytical penetration models. The breakup time is calculated as the total
jet length divided by the axial velocity difference between the tip and the tail of the jet, as
suggested by Simon (1974). The virtual origin is defined as the point from which the jet
emanates. The formation time is the time at which the jet emanated from the virtual origin.
Both the virtual origin and the jet formation time are calculated by performing a linear
regression analysis of the particle position vs. velocity (Blische and Simmons 1981). It should
be emphasized that the breakup time, virtual origin, and formation time are all idealized values
and may vary significantly depending on the number of jet particles included in the analysis.

2.2 Velocity Calculations. Both the axial and transverse velocity of a particle are

determined using the location of the center of mass of a particle. The axial velocity is
calculated as described by Blische and Simmons (1981) and Summers, Walters, and Dick
(1990). If more than two flash x-ray exposure times are available, an average axial velocity is
calculated for each particle. For example, if three flash times are used, the particle velocities
are calculated between the first and second flash times, the first and third flash times, and the
second and third flash times. This repetitive measurement of jet particle velocity can reveal
errors in the test setup or in the digitization process.

The transverse velocity of a jet particle is defined as the velocity of the jet particle in a
direction perpendicular to the axis of symmetry of the shaped charge. The measurement of
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transverse velocity is particularly difficult due to the extreme level of accuracy required. For
example, consider a shaped charge particle with an axial velocity component of 5 km/s and a
transverse velocity component of 25 m/s. [f the time interval between flash x-ray pulses is
100 us, then a measurement error of 1 mm results in an accuracy of + 0.2% for the axial
velocity and + 40% for the transverse velocity. In addition, if the charge axis is tilted by as
little as 1° from the intended shotline, then a jet particle with an axial velocity component of

5 kmv/s will appear to have a transverse velocity in excess of 85 m/s. Thus, great care must
be taken in the experimental procedure and the interpretation of the resulting data.

The measurement of the transverse velocity of a jet particle has been accomplished using
both streak cameras and flash x-rays. Measurement techniques have been discussed by
Held and Nikowitsch (1984), Segletes (1983; 1987), and Sewell (1989) among others. Held
describes the use of both orthogonal synchronized streak cameras and flash x-rays to
measure jet transverse velocities. Segletes and Sewell both discuss measurement techniques
involving flash x-ray equipment. Sewell recommends the use of highly accurate surveying
equipment to ensure the proper alignment of the shaped charge; thus, reducing the possibility
of any alignment errors during the experiment.

If two or more sets of simultaneous orthogonal flash x-rays are available, then the
transverse velocity can be measured directly. However, as a matter of economics and
practicality, this flash x-ray source arrangement is not aiways feasible due to site versatility,
site expense, and amount of film coverage. The transverse velocity is calculated using
techniques developed by Segletes (1987) and Summers and Wright (1992), which do not
require multiple sets of simultaneous orthogonal flash x-rays. Segletes’ method operates
under the assumption that the transverse velocity of a jet particle is constant and is imparted
to the jet particle at the theoretical point in time and space from which the jet emanates
(known as the virtual origin). However, the virtual origin is a theoretical idealization of the
actual data. In addition, Held (1989) has shown that the transverse velocity of a portion of a
shaped charge jet can be significantly increased by the particulation process. Thus, an
extension to Segletes’ method has been derived which allows the determination of transverse
velocity with the single assumption that the transverse velocity is constant after the jet has
particulated.

10




The digitized data provides the projection of the jet in the y-z plane. Only the vertical
separation, D, between the shotline and each particle is measured directly. if the eventis
observed in the normal (x-y) plane, the actual distance between the shotline and each particle,
L, can be derived as shown in Figure 5. The distance L is, thus, defined by the equation

D

(sine - 2&2)
tany

L=

Using two different flash radiographs of the free flight, the transverse velocity is calculated as
the change in the distance L between flashes divided by time difference between exposures,
i.e.,

L, -L,

Vo — .,
! tz't1

where t is the time at which the films were exposed and the subscripts refer to the exposure
number. If three nonsimultaneous exposures are available, then by equating the transverse
velocity equation between two different flash combinations, an expression involving tan 0 is
developed. Thus, if

Lz'L1 gLs'L1
t,-t t,-t

then it can be shown that
Atan’0 + Btane + C =0,

where

A=(D,-D,)T-(D,-D,),

B =(D,9, + D,g, - D,9, - D,0,) T - (D,g, + D,9, - D,9, - D,9,) .

C = (D,9,9, - D,9,9,) T - (D,9,9, - D,9,9,) .

T = (ts - tl)
(tz - 1)

g, = coty, .

, and

11
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The quadratic equation is used to solve for the two roots of tan 6. In most cases, the correct
value of 8 can be determined from the impacts on the target plate. For example, one value of
@ will yield a transverse velocity on the order of 1,000 m/s, which can clearly be discarded if
the target plate shows little deviation from the intended impact point. However, two problems
can arise. In some cases, the discriminate in the quadratic is negative, yielding an imaginary
value for 8. Such cases are either a result of the error involved in the measurement process,
or they are due to the assumption of constant transverse velocity. In addition, it is possible to
arrive at two realistic values of 8. Cases have arisen in which the two roots of tan @ resulted
in values of transverse velocity which were similar in both magnitude and direction. Methods
which may eliminate these problems are currently being evaluated. One possible method is to
provide one set of simultaneous, orthogonal flash x-ray exposures in conjunction with two
nonsimultaneous exposures. The simultaneous exposures allow a direct measurement of the
particle position at some point in time, thus providing a reference position and the direction of
the transverse motion for each particle. Under the assumption that the direction of travel is
constant, the magnitude of the transverse velocity is derived explicitly.

Despite the accuracy involved in placing the shaped charge and its shotline, tilt is still a
concern. A slight warhead tilt can result in large transverse velocity measurements. A
perfectly aligned jet which is tilted will possess a transverse velocity distribution with the
greatest transverse velocity at the jet tip and the lowest transverse velocity at the tail of the
jet. However, the angle between the intended shotline and each jet particle (termed the
dispersion angie) would be constant. The transverse velocity derived above is measured with
respect to the predetermined shotline of the test configuration. To account for any possible
tilt, a new shotline is derived from the data above (Segletes 1987). The x and y components
of the dispersion angle are determined for each particle. For example, the tangent of the
x component of the dispersion angle is defined as the x component of the transverse velocity
divided by the axial velocity of the particle. The mean components of the dispersion angle
provide an estimate of the warhead tilt in both the x and y directions. Once found, the
transverse velocities relative to the original shotline are recomputed to account for the
estimated warhead tilt. The end result is referred to as the absolute transverse velocity. In
this manner, a pertfectly aligned, but tilted, jet will possess zero absolute transverse velocity.

13




3. SAMPLE RESULTS

The data acquired from a free flight of a 140-mm shaped charge with a conical copper
liner has been included. The experiment, Round 4264, was performed at the BRL
Experimental Research Facility 16 by C. V. Paxton and J. W. Gardiner. A digital reproduction
of this jet is illustrated in Figure 6. The data generated from the x-ray film analysis can be
easily accessed to plot jet characteristics and trends.

Table 1 lists the distance from the base of the shaped charge liner to the center of mass
of each particle at each flash time. Particle number 10 was obscured in flash 2 and was not
digitized. Tables 2-5 give the length along the particle’s axis of symmetry, the maximum
length of each particle, the maximum radius of each particle, and the mass of each particle at
each flash time. The jet tip particle (particle number 1) is bending, and, therefore, the length
of the particle’s image on the film is dependent on the angle at which the particle is viewed.
This results in large discrepancies in the measured dimensions of the particle at different flash
times. Table 6 provides the average length (along the particle axis of symmetry), radius,
mass, length-to-diameter ratio, and axial velocity for each jet particle. Finally, Table 7 gives
the cumulative properties of the jet. The breakup time, reported in Table 7, varies with the
number of jet particles included in the calculation but approaches a constant value as the
number of digitized particles is increased.

A wide variety of data can be generated from the digitizing process. Figure 7 is a plot of
the axial velocity vs. each jet particle’s axial position at each flash time. A linear regression
analysis performed on each of the data sets shown in Figure 7 provides the virtual origin (the
x intercept). The virtual origin is measured with respect to the base of the shaped charge
liner and is positive in the direction of jet flight. In this case, the virtual origin was determined
to be -49 mm from the base of the liner. Figure 8 is a plot of the axial jet velocity vs. the
cumulative length. The negative of the slope of this curve is the breakup time. The plot
shown in Figure 8 is useful in determining the validity of the breakup time approximation.
Ideally, a plot of jet velocity vs. cumulative length should result in a straight line. If a good
linear relation is not evident, then the curve may be treated as piecewise linear (Held 1985) to
determine separate breakup times for several velocity ranges.

14
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Axial Position versus Velocity
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Figure 7. Plot of Axial Position vs. Axial Velocity.
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Figure 8. Plot of Axial Velocity vs. Cumulative Jet Length.
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The measurement of the transverse velocity of each jet particle enables one to plot the
location where each of the jet particles will strike the target olate. Such a plot provides
information on the accuracy of the transverse velocity measurement and on which regions of
the jet were badly misaligned. Figure 9 is a picture of the front of a target plate which was
penetrated by a copper shaped charge jet. The cross on the target plate indicates the
position of the intended shotline. Superimposed on Figure 9 is a plot of the expected impact
points of the center of mass of each of the jet particles which were characterized.

The distance from the base of the shaped charge liner to the target plate in this
experiment was 5,308 mm (38 charge diameters). The data indicates that the slower moving
jet particles, travelling at a velocity less than 3.2 km/s, either struck the crater wall or the
target face and did not add to the depth of penetration. This is not unexpected due to the
very large standoff distance and because slower jet particles require greater time to reach the
target and are, therefore, more greatly affected by transverse velocities.

A good agreement is achieved in both the location of the impacts on the target plate and
the direction in which the target plate is slotted. The transverse velocity measured for each jet
particle is given in Table 8. The warhead, as measured from the transverse velocity
calculations, was tilted 0.12° in the x direction and 0.09° in the y direction. An estimate of the
center of the hole in the target plate provides an x-tilt angle of 0.22° and y-tilt angle of 0.05°.
The primary crater on the target plate is approximately 110 mm in diameter. The greatest
distance between the predicted impact points is 43 mm. The hole in the target plate is larger
than that plotted for two reasons. First, the plot only shows the location of target impact and
does not account for the orientation of the jet particle or for hole growth due to high velocity
impact phenomena. Second, due to the velocity gradient in a shaped charge jet and the
limited amount of x-ray film coverage available, not every particle in the jet is characterized.
The plot shown in Figure 9 covers the first 62 jet particles. The axial velocity of the slowest
jet particle measured was 2.6 km/s. An additional 10 to 20 particles also impacted the target
plate but were not characterized due to lack of film coverage.

18
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4. SUMMARY

The goal of this digitization and analysis process is to provide the experimentalist with as
much pertinent information as is possible from radiographs of the jet free flight. There are
several advantages of the data reduction algorithms discussed in this report. The programs
were designed to provide quick feedback in the form of both tabular and graphical data. The
raw data are stored to allow a complete digital reconstruction of the flash radiographs, which
enables the researcher to perform additional case-dependent analyses. The mass, location,
and dimensions of the particles are more accurately defined than in previous digitization
methods. Finally, an improved method of calculating transverse velocities is utilized.

Though fully automated digitization is not used at this time, the programs were designed to
accept this capability. In the future, to reduce time and tedium and also increase the accuracy
of the data collected, the process should be updated to provide automated digitization. At the
moment, there are many systems on the market which can automatically scan and digitize a
radiograph. However, edge detection algorithms which find and define the contour of a
particle are still not fully adequate or automatic.
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Table 1. Standoff Distances Measured From the Liner Base

Flash No. 1 | Flash No. 2 | Flash No. 3
Particle t=295.0 t=375.0 t=470.0

(mm) (mm) (mm)

1 2,104 2,787 3,585
2 2,056 2,735 3,532
3 2,031 2,699 3,481
4 2,017 2,682 3,461
5 1,994 2,655 3,431
6 1,953 2,601 3,359
7 1,928 2,567 3,317
8 1,911 2,547 3,292
9 1,880 2,504 3,235
10 1,861 — 3,204
11 1,846 2,461 3,183
12 1,815 2,420 3,127
13 1,793 2,390 3,088
14 1,773 2,368 3,064
15 1,750 2,335 3,020
16 1,730 2,309 2,986
17 1,700 2,271 2,937
18 1,667 2,226 2,880
19 1,637 2,186 2,827
20 1,612 2,154 2,786
21 1,596 2,134 2,762
22 1,577 2,107 2,725
23 1,564 2,091 2,705
24 1,550 2,073 2,682
25 1,527 2,044 2,645
26 1,485 1,988 2,571
27 1,443 1,932 2,499
28 1,420 1,903 2,463
29 1,403 1,876 2,425
30 1,385 1,858 2,407
31 1,361 1,825 2,362
32 1,340 1,793 2,318
33 1,321 1,773 2,298
34 1,304 1,749 2,264
35 1,284 1,721 2,228
36 1,263 1,696 2,196
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Table 1. Standoff Distances Measured From the
Liner Base (continued)

Flash No. 1 | Flash No. 2 | Flash No. 3
Particle | t=295.0 t=375.0 t=470.0

(mm) (mm) (mm)
37 1,237 1,660 2,151
38 1,204 1,613 2,087
39 1,184 1,591 2,061
40 1,162 1,559 - 2,018
41 1,134 1,521 1,969
42 1,103 1,481 1,918
43 1,074 1,440 1,863
44 1,050 1,411 1,828
45 1,010 1,357 1,757
46 981 1,319 1,708
47 953 1,283 1,659
48 928 1,251 1,618
49 917 1,235 1,596
50 901 1,213 1,568
51 871 1,173 1,516
52 842 1,135 1,469
53 817 1,100 1,420
54 800 1,079 1,396
55 776 1,046 1,352
56 749 1,011 1,308
57 721 971 1,253
58 700 945 1,221
59 686 924 1,194
60 673 905 1,165
61 642 -870 1,128
62 596 812 1,055
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Table 2. Jet Particle Lengths Measured Along Each Particle’s Axis of Symmetry

Flash No. 1 | Flash No. 2 | Flash No. 3
Particle | t=295.0 t=2375.0 t=470.0
(mm) (mm) (mm)
1 56.1 53.5 48.5
2 20.2 21.1 20.9
3 9.6 9.9 9.2
4 16.5 15.4 16.4
5 28.4 29.1 284
6 29.1 29.7 30.1 |
7 14.6 14.6 14.4
8 17.7 16.9 17.4
9 26.2 26.5 259
10 75 — 6.2
1 23.6 229 241
12 20.0 19.4 19.2
13 15.0 16.1 16.6
14 223 22.6 229
15 12.0 122 11.6
16 17.8 17.5 18.2
17 29.0 27.7 28.4
18 19.5 201 20.1
19 234 226 222
20 18.7 17.9 17.5
21 125 12.2 113
22 15.4 15.5 15.8
23 8.8 7.6 9.3
24 16.5 16.2 16.5
25 25.5 235 23.5
26 41.2 40.6 37.8
27 25.6 26.1 26.4
28 17.9 18.0 17.8
29 13.1 13.4 13.6
30 23.5 23.5 23.2
31 18.5 18.7 17.8
32 18.2 17.8 18.0
33 19.8 21.5 213
34 13.6 13.0 13.9
35 21.5 21.7 221
36 19.8 18.6 104
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Table 2. Jet Particle Lengths Measured Along Each
Particle’s Axis of Symmetry (continued)

Flash No. 1 | Flash No. 2 | Flash No. 3
Particle | t=295.0 t=375.0 t=470.0

(mm) (mm) (mm)
37 29.0 29.0 29.7
38 23.9 23.2 22.8
39 16.2 154 16.2
40 227 220 23.2
41 30.2 30.2 31.3
42 30.0 30.4 30.4
43 19.1 19.8 19.8
44 30.5 31.7 30.8
45 36.0 35.9 35.6
46 18.7 17.6 19.1
47 26.3 26.1 26.4
48 14.1 15.7 12.3
49 6.9 53 7.3
50 22.3 21.7 211
51 314 32.0 31.0
52 21.1 20.4 20.8
53 18.8 15.9 16.1
54 14.0 13.9 145
55 30.1 33.3 33.3
56 222 23.4 24.4
57 224 22.0 22.3
58 18.6 18.9 19.2
59 10.0 12.2 111
60 17.0 173 18.9
61 448 49.5 48.7
62 375 38.1 36.5
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Table 3. Maximum Jet Particle Lengths

Particle

0O ~NOOO AL WN -

Flash No. 1
t=295.0
(mm)
56.2
20.8
$.6
17.0
29.8
29.1
14.6
17.7
26.2
7.5
24.9
20.0
15.4
223
12.1
18.4
29.0
20.4
23.4
18.8
12.8
154
9.2
17.7
25.5
41.2
26.0
17.9
13.1
23.5
19.3
18.3
20.4
14.0
21.5
20.5

Flash No. 2 | Flash No. 3
t=375.0 t=470.0
(mm) (mm)
53.5 48.7
215 20.9

9.9 9.2
17.2 17.3
29.6 29.2
29.7 30.1
14.6 144
173 17.4
275 26.8

— 6.2
22.9 25.1
19.9 19.4
16.1 16.6
22.6 229
123 11.7
17.6 18.2
29.0 28.4
20.1 20.1
22.6 23.0
179 17.9
12.6 12.7
15.5 15.8

7.6 9.4
16.2 17.8
23.7 24.7
41.0 37.8
26.3 26.4
18.0 18.8
13.4 13.7
23.7 23.2
18.8 19.1
17.8 18.3
215 . 214
13.7 13.9
218 22.3
19.1 20.7
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Table 3. Maximum Jet Particle Lengths (continued)

Flash No. 1 | Flash No>.2 | Flash No. 3
Particle | t=295.0 t=375.0 t=470.0

(mm) (mm) (mm)
37 29.0 29.0 29.7
38 239 23.2 228
39 16.6 16.9 16.8
40 23.1 221 23.2
41 31.4 31.0 31.5
42 30.5 31.0 31.2
43 19.8 20.1 20.0
44 30.5 31.7 31.3
45 36.0 35.9 35.6
46 194 19.0 20.1
47 27.9 27.9 28.6
48 15.6 158.7 125
49 6.9 53 7.3
50 235 228 225
51 314 32.0 31.5
52 224 22.2 22.0
53 18.9 17.7 16.9
54 15.0 13.9 15.2
55 32.0 34.1 333
56 23.2 24.1 25.1
57 2341 22.7 223
58 18.6 19.1 19.5
59 10.8 124 111
60 19.0 19.3 21.1
61 50.9 52.1 51.4
62 38.1 39.9 39.9
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Table 4. Maximum Jet Particle Radii

Flash No. 1 | Flash No. 2 | Flash No. 3
Particle | t=2950 | t=375.0 | t=470.0
(mm) (mm) (mm)
1 9.53 11.33 9.82
2 2.64 3.01 258
3 2.08 2.26 1.86
4 2.49 4.00 268
5 2.95 257 6.08
6 2.48 2.56 2.41
7 2.22 227 253
8 2.64 2.58 2.58
9 2.90 2.69 2.41
10 2.22 — 224
11 2.50 2.77 2.55
12 2.57 2.47 2.48
13 2.19 2.96 2.43
14 2.57 2.98 257
15 2.42 2.26 2.07
16 2.70 2.82 274
17 2.90 2.64 2.82
18 2.78 2.90 2.81
19 3.43 2.73 244
20 2.62 2.58 2.50
21 2.36 2.69 2.28
22 2.75 3.14 2.81
23 2.25 2.19 2.16
24 2.38 2.08 2.20
25 2.98 2.94 2.66
26 2.86 3.20 3.07
27 2.72 2.88 2.76
28 2.47 2.85 252
29 2.89 2.56 2.38
30 2.51 2.65 2.52
31 2.40 2.49 253
32 2.46 2.54 2.37
33 2.31 2.71 267
34 2.37 2.67 2.47
35 2.54 2.50 248
36 2.66 2.83 2.60
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Table 4. Maximum Jet Particle Radii (continued)

Flash No. 1 | Flash No. 2 | Flash No. 3
Particle | t=295.0 t=2375.0 t=470.0

(mm) (mm) (mm)
37 2.79 3.16 250
38 2.99 3.02 2.57
39 238 2.85 225
40 251 2.89 3.27
41 2.76 2.85 2,67
42 2.52 3.05 274
43 2.58 3.06 2.67
44 3.31 3.66 3.34
45 3.50 3.80 3.14
46 2.98 3.16 3.08
47 3.24 3.40 3.14
48 3.24 4.21 3.54
49 1.92 223 2.64
50 3.20 3.66 3.07
51 3.88 4.06 3.69
52 3.52 4.11 3.77
53 3.86 3.69 4.28
54 3.53 3.32 3.33
55 3.66 4.29 3.90
56 3.47 3.80 3.67
57 4.11 4.31 4.55
58 4.45 4.42 4.32
59 425 4.37 3.51
60 423 4.15 4.14
61 5.76 5.72 5.57
62 5.52 5.63 5.09
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Table 5. Jet Particle Masses

Flash No. 1 | Flash No. 2 | Flash No. 3
Particle t=2950 t=375.0 t = 470.0
(9) (9) (9)

1 34.15 39.01 37.92
2 243 2.79 223

3 0.52 0.63 0.50

4 1.86 2.58 1.91

5 3.17 3.31 4.34

6 2.89 3.30 2.95

7 1.22 1.27 1.42

8 1.52 1.78 1.75
9 2.67 2.85 2.48
10 0.39 — 0.35
1 2.40 2,55 2.26
12 2.02 223 2.01
13 1.46 1.88 157
14 2.51 2.71 2.25
ik 1.11 1.09 0.85
16 1.66 1.95 1.53
17 3.59 3.50 3.22
18 237 2.40 2.26
19 2.60 240 2.31
20 2.04 2.05 1.72
21 1.17 1.22 1.15
22 1.65 1.77 1.57
23 0.84 0.58 0.67
24 1.55 1.16 1.64
25 2.73 2.84 2.77
26 4.19 5.27 4.42
27 2.81 3.16 2.92
28 1.59 1.98 1.77
29 1.18 1.36 1.23
30 2.46 255 2.40
31 1.99 2.09 1.95
32 1.65 1.86 1.73
33 1.94 2.86 242
34 1.20 1.50 1.29
35 1.90 2.13 1.80
36 2.21 2.55 232
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Table 5. Jet Particle Masses (continued)

Flash No. 1 | Flash No. 2 | Flash No. 3
Particle t=295.0 t=375.0 t=470.0

(9) (9) (9)
37 3.01 3.71 3.12
38 2.80 3.36 2.60
39 1.59 2.02 1.50
40 233 2.82 3.38
41 3.35 4.60 3.93
42 3.14 4.62 3.76
43 1.87 2.79 2.10
44 3.82 4.63 4.21
45 5.09 6.81 5.64
46 2.15 259 235
47 4.11 495 4.41
48 224 2.65 1.89
49 0.28 0.25 0.47
50 4.08 4.80 3.54
51 4.77 5.86 4.95
52 4.01 5.04 4.36
53 3.44 3.85 3.65
54 2.66 2.94 2.56
55 6.30 8.02 6.42
56 5.39 6.40 5.63
57 5.95 6.73 6.22
58 4.63 5.29 4.74
59 2.07 2.62 1.90
60 4.65 5.05 4.94
61 25.05 26.60 22.81
62 15.03 18.39 13.85
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Table 6. Summary of Individual Particle Characteristics

l Particle Length Radius LD Mass Velocity
| (mm) | (mm) (@ | (kmis)
1 52.70 10.23 2.8 37.03 8.47
2 20.74 2.74 3.78 248 8.44
3 9.59 2.07 232 0.55 8.29
4 16.10 3.06 2.63 212 8.25
5 28.62 3.87 3.70 3.60 8.22
6 29.65 249 5.96 3.05 8.04
7 14.51 234 3.10 1.30 7.94
8 17.35 2.60 3.34 1.68 7.90
9 26.16 2.67 4.90 267 7.75
10 6.82 2.23 1.53 0.37 7.67
11 23.55 2.61 4.52 240 7.54
12 19.52 2.51 3.89 2.08 750
13 15.90 2.52 3.15 1.64 7.40
14 22.60 2.71 4.18 249 7.38
15 11.95 225 2.66 1.02 7.26
16 17.88 2.75 3.25 1.71 7.18
17 28.36 2.78 5.10 3.44 7.07
18 19.90 2.83 3.52 234 6.94
19 22.73 2.87 3.96 244 6.81
20 18.04 2.57 3.51 1.93 6.71
21 12.01 244 246 1.18 6.67
22 15.57 2.90 2.68 1.66 6.57
23 8.56 2.20 1.95 0.70 6.53
24 16.44 2.22 3.71 1.45 6.47
25 24.16 2.86 422 2.78 6.39
26 39.86 3.04 6.55 4.63 6.21
27 26.05 2.79 4.68 2.96 6.04
28 17.91 261 343 1.78 5.96
29 13.36 2.61 2.56 1.26 5.85
30 23.42 2.56 457 247 5.84
31 18.35 247 3.71 2.01 5.72
32 18.02 246 3.67 1.75 5.60
33 20.85 2.56 4.07 2.41 5.59
34 13.48 2.50 2.69 1.33 5.49
35 21.77 2.51 435 1.94 5.39
36 19.27 2.70 3.57 2.36 5.33
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Table 6. Summary of Individual Particle Characteristics (continued)

Velocity

Particle Length Radius LD Mass
(mm) (mm) (9) (km/s)
37 29.22 2.82 5.18 3.28 5.22
38 23.29 2.86 4.07 2.92 5.05
39 15.93 249 3.20 1.70 5.02
40 22.62 2.89 3.91 2.84 4.89
41 30.55 2.76 5.53 3.96 4.78
42 30.24 2.77 5.46 3.84 4.66
43 19.58 2.77 3.53 2.26 4.51
44 31.01 3.43 451 422 4.45
45 35.81 3.48 5.15 5.85 4.27
46 18.47 3.08 3.00 2.36 4.16
47 26.26 3.26 4.02 4.49 4.04
48 14.02 3.66 1.91 2.26 3.94
49 6.48 2.26 1.43 0.34 3.88
50 21.70 3.31 3.28 414 5.82
51 31.48 3.88 4.06 5.19 3.69
52 20.75 3.80 273 4.47 3.58
53 16.91 3.95 2.14 3.65 3.45
54 14.12 3.39 2.08 2.72 3.41
55 32.23 3.95 4.08 6.92 3.29
56 23.33 3.65 3.20 5.81 3.20
57 22.21 432 257 6.30 3.05
58 18.92 4.40 2.15 483 2.98
59 11.09 4.04 1.37 2.20 2.90
60 17.71 4.18 2.12 4.88 2.81
61 47.69 5.69 4.19 24.82 2.78
62 37.35 5.41 3.45 15.76 2.63
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Table 7. Cumulative Jet Properties

Cumulative | Cumulative | Cumulative | Cumuiative | Breakup
Particle Length Mass Momentum Energy Time
(mm) (9) (kg m/s) (kJ) (us)

1 52.7 37.0 3135 1,327.3 0.0
2 734 39.5 3345 1,415.8 1,210.7
3 83.0 40.1 339.1 1,434.7 296.0
4 99.1 422 356.5 1,506.8 302.4
5 127.8 458 386.1 1,628.5 347.7
6 157.4 48.8 410.7 1,727.0 2704
7 171.9 50.1 421.0 1,768.1 262.5
8 189.3 51.8 4343 1,820.6 270.0
9 2154 545 455.0 1,900.6 2442
i0 222.2 54.9 457.8 1,911.5 2415
11 245.8 57.3 476.2 1,981.7 251.8
12 265.3 59.3 491.8 2,040.3 2374
13 281.2 61.0 503.9 2,085.2 231.9
14 303.8 63.5 522.3 2,153.0 2443
15 315.8 64.5 529.7 2,179.8 235.3
16 333.6 66.2 542.0 2,224.0 2320
17 362.0 69.6 566.3 2,309.9 230.2
18 381.9 72.0 582.5 2,366.3 225.8
19 404.6 74.4 599.1 2,422.7 220.8
20 422.7 76.4 612.1 2,466.2 220.6
21 4347 775 620.0 2,492.5 223.4
22 450.3 79.2 630.9 2,528.3 218.8
23 458.8 79.9 635.4 2,543.2 220.6
24 4753 81.4 644.9 2,573.6 221.0
25 4994 84.1 662.6 2,630.5 222.4
26 539.3 88.8 691.4 2,719.8 218.6
27 565.3 91.7 709.3 2,773.8 216.7
28 583.2 93.5 719.9 2,805.5 218.7
29 596.6 94.8 727.3 2,827.0 215.2
30 620.0 97.2 7417 2,869.1 221.7
31 638.4 99.2 753.2 2,902.0 219.7
32 656.4 101.0 763.0 2,929.4 216.3
33 677.2 103.4 776.4 2,966.9 2223
34 690.7 104.7 783.7 2,987.1 221.2
35 7125 106.7 7942 3,0153 219.8
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|
Table 7. Cumulative Jet Properties (continued)
Cumulative | Cumulative | Cumulative | Cumulative | Breakup
Particle Length Mass Momentum Energy Time
(mm) (@ (kg m/s) (kJ) (us)
36 731.8 109.0 806.8 3,048.9 222.1
37 761.0 1123 823.9 3,093.6 222.0
38 7843 115.2 838.7 3,130.9 218.6
39 800.2 116.9 847.2 3,152.3 222.0
40 822.8 119.8 861.1 3,186.4 219.7
41 853.4 123.7 880.0 3,231.5 219.9
42 883.6 127.6 898.0 3,273.3 2214
43 903.2 129.8 908.1 3,296.3 219.2
44 934.2 134.0 926.9 3,338.1 2221
45 970.0 139.9 951.9 3,391.3 220.5
46 988.5 142.3 961.7 3,411.8 221.2
47 1,014.7 146.7 979.8 3,448.3 220.1
48 1,028.8 149.0 988.7 3,465.9 220.1
49 1,035.2 149.3 990.0 3,468.4 2193
50 1,056.9 153.5 1,005.8 3,498.6 219.2
51 1,088.4 158.7 1,025.0 3,534.0 219.2
52 1,109.2 163.1 1,041.0 3,562.7 219.6
53 1,126.1 166.8 1,053.6 3,584.5 217.7
54 1,140.2 169.5 1,062.9 3,600.3 218.9
55 1,172.4 176.4 1,085.7 3,637.8 218.4
56 1,195.8 182.2 1,104.3 3,667.5 219.8
57 1,218.0 188.5 1,123.5 3,696.8 217.8
58 1,236.9 193.4 1,138.0 3,718.4 218.7
59 1,248.0 195.6 1,144.4 3,727.7 2185
60 1,265.7 200.5 1,158.1 3,747.0 217.7
61 1,313.4 2253 1,227.1 3,842.8 222.0
62 1,350.7 2411 1,268.5 3,897.1 223.6
With Tip Without Tip
Average Length (mm) 21.79 21.28
Average Radius (mm) 3.14 3.02
Average LD 3.529 3.544
Average Velocity Change (km/s) 0.096 0.097
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Table 8. Drift Velocity Measurements

Axial Drift Dispersion
Particle | Velocity | Velocity Angle
(km/s) | (mis) ®)

1 8.467 | 13.242 225.739
2 8.437 | 11.400 30.913
3 8292 | 11.252 29.515
4 8.253 7.779 36.841
5 8.217 9.499 36.026
6 8.037 3.506 38.910
7 7.940 3.915 36.142
8 7.896 5.193 36.865
9 7.747 6.037 34.568
10 7670 | 58.189 18.808
1 7.642 | 12.185 32.026
12 7502 | 14.518 31.152
13 7402 | 11.888 26.035
14 7.378 15.724 30.273
15 7.262 | 15.159 31.956
16 7.181 | 15.940 27.574
17 7.071 | 19.854 26.537
18 6.936 | 21.287 29.631
19 6.806 | 25.394 27.871
20 6.712 | 24.927 25.638
21 6.666 | 20.469 25.301
22 6.565 | 32.204 29.134
23 6.526 | 18.434 23.000
24 6.473 | 12.076 32.066
25 6.394 5.110 41.954
26 6.212 3.132 81.510
27 6.040 4017 122.983
28 5.962 5.089 173.968
29 5.848 5.609 162.137
30 5.842 6.684 178.426
31 5.723 8.975 181.381
32 5596 | 12.964 210.551
33 5.586 | 11.046 196.388
34 5494 | 11.736 200.742
35 5395 | 12.706 205.695
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Table 8. Drift Velocity Measurements

(continued)
Axial Drift Dispersion
Particle | Velocity | Velocity Angle
(km/s) | (mi/s) )
36 5.334 | 10.522 194.971
37 5.224 8.215 181.061
38 5.054 8.362 188.385
39 5.017 | 11.865 210.335
40 4.894 9.151 202.505
41 4775 7.573 200.199
42 4.664 8.206 208.554
43 4512 8.655 212.638
44 4.449 7.118 212.141
45 4.269 2.737 151.212
46 4.159 2.684 132.269
47 4.037 2.938 115.219
48 3.944 3.577 115.163
49 3.882 8.019 96.817
50 3.815 4.102 200.109
51 3.694 4.491 93.243
52 3.583 4.792 205.258
53 3.455 5.047 123.651
54 3.412 8.128 105.527
55 3.293 4.607 138.745
56 3.200 9.230 224.767
57 3.048 | 13.738 253.881
58 2977 | 11.314 252.757
59 2.903 | 12.924 248.924
60 2814 | 12,923 274.638
61 2.778 | 10.343 224817
62 2.627 | 11.550 226.318
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